1. Introduction
===============

Climate change has been described as a potential threat to the global population, especially to human health, and previous research has examined the effects of climate change parameters, such as precipitation, humidity, atmospheric pressure and temperature, on particular diseases and mortality \[[@B1-ijerph-12-08631],[@B2-ijerph-12-08631],[@B3-ijerph-12-08631]\]. Surface water temperature was reported to be increasing both in temperate and tropical zones \[[@B4-ijerph-12-08631]\]. Temperature is known to affect the growth and virulence of bacteria \[[@B5-ijerph-12-08631]\], and some studies have also suggested a potential association between temperature and water-borne diarrheal diseases, which are a major cause of childhood mortality. The pathogens responsible for causing diarrhea are commonly found in water contaminated with fecal bacteria, such as *Salmonella* spp., *Vibrio* spp., and *Escherichia coli* (*E. coli*) \[[@B1-ijerph-12-08631],[@B6-ijerph-12-08631],[@B7-ijerph-12-08631]\], and a lack of sanitation and poor personal hygiene are factors responsible for increasing their infection rate.

The pathogenic enteroaggregative *E. coli* (EAEC) is the causative agent of diarrhea worldwide, especially among immunocompromised patients and children \[[@B8-ijerph-12-08631]\]. Patients exposed to EAEC from fecal-contaminated water sources can develop watery diarrhea symptoms caused by the attachment of bacteria to intestinal epithelial cells using fimbria and the release of toxins to destroy host cells \[[@B1-ijerph-12-08631],[@B4-ijerph-12-08631],[@B5-ijerph-12-08631],[@B6-ijerph-12-08631],[@B7-ijerph-12-08631],[@B8-ijerph-12-08631]\]. EAEC strains demonstrate a diverse range of virulence caused by different types of virulent factors, but virulence is mainly determined by adherence ability. Currently, the gold standard for diagnosing EAEC is the Hep-2 cell adherence assay, which assesses the unique bacterial "stacked brick" pattern of adherence to cells \[[@B9-ijerph-12-08631]\]. Aggregative adherence fimbria types I and II (AAFI and AAFII), encoded by *aggA* and *aafA*, respectively, play a role in this, and are regulated by the regulator gene *aggR* \[[@B10-ijerph-12-08631],[@B11-ijerph-12-08631],[@B12-ijerph-12-08631]\]. *aggA* is a virulence gene of EAEC strain 17-2, while *aafA* is found in EAEC strain 042 \[[@B11-ijerph-12-08631],[@B12-ijerph-12-08631]\]. Adherence fimbria are also involved in the formation of biofilm on intestinal epithelial cells, which is one of the survival and pathogenesis mechanisms of EAEC \[[@B13-ijerph-12-08631],[@B14-ijerph-12-08631]\].

In 2007, the Intergovernmental Panel on Climate Change suggested that the average global temperature is predicted to increase by 1.8--4.0 °C during the 21st century \[[@B15-ijerph-12-08631]\]. This has raised concerns about human health risk from infectious waterborne diseases because temperature affects the growth and virulence of infectious pathogens. Several studies have investigated whether the influence of temperature on bacterial virulence affects disease severity, especially that of waterborne pathogens such as *E. coli*, *Vibrio coralliilyticus*, *Listeria monocytogenes* and *Salmonella* spp. \[[@B16-ijerph-12-08631],[@B17-ijerph-12-08631],[@B18-ijerph-12-08631],[@B19-ijerph-12-08631]\]. However, information about EAEC is limited, so the present study aimed to determine the effect of temperature on adherence ability as a virulence factor of EAEC by focusing on gene expression, the capacity to attach to Hep-2 cells, and *in vitro* biofilm formation.

2. Materials and Methods
========================

2.1. Bacterial Strains, Media, and Growth Conditions
----------------------------------------------------

Virulent EAEC strains 17-2 and 042 were used in this study. The bacteria were grown in Luria-Bertani (LB) broth initially at 37 °C for 24 h. They were then incubated overnight (≥18 h) in LB broth at temperatures ranging from 29 °C to 40 °C to represent predicted rises in water temperature. Bacteria were incubated with shaking to study gene expression and biofilm formation, and without shaking for the assay.

2.2. Virulence Gene Expression Analysis by SYBR Green Real-Time PCR
-------------------------------------------------------------------

A total of 10^9^ bacterial cells cultured at various temperatures were used for RNA extraction. Whole RNA was extracted from incubated bacteria using a GeneJET RNA Purification Kit (Thermo Scientific, Waltham, MA, USA), and directly converted into cDNA by using iScript cDNA Synthesis Kit (Bio-rad, Hercules, CA, USA) via the mixture of Oligo (dT)~18~ and random hexamer primer to convert RNA into cDNA. Real-time PCR was conducted using Brilliant II SYBR^®^ Green QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA) with the following conditions: Enzyme activation at 95 °C for 10 min, then 40 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for 1 min, and melting curve analysis at 72 °C for 1 min in the Stratogene Mx3005P (Agilent Technologies, Santa Clara, CA, USA). Real-time PCR primers are listed in [Table 1](#ijerph-12-08631-t001){ref-type="table"}. EAEC strain 17-2 was used for determining the expression of *aggA*, while EAEC strain 042 was used for *aafA*. Relative mRNA levels were determined by fold-changes in expression, calculated by 2^−ΔΔCT^ using the relative mRNA level at 29 °C, representing an average water temperature, as a baseline for comparison. The results were analyzed by Mann-Whitney *U*-test using SPSS version 15.0 to determine the difference of gene expression between each temperature and 29 °C.
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###### 

List of primers used in the study.

  Target Gene   Orientation               Sequence (5′--3′)          Amplicon Size (bp)   Reference
  ------------- ------------------------- -------------------------- -------------------- ----------------------------
  *16sRNA*      F                         AAGTTAATACCTTTGCTCATTGAC   117                  \[[@B20-ijerph-12-08631]\]
  R             GCTTTACGCCCAGTAATTCC                                                      
  *aggA*        F                         CGCTGCGTTAGAAAGACCTC       164                  This study
  R             CACATTGCTCTGTCGTCGTT                                                      
  *aafA*        F                         ACTTCATATAGGCCTGGTCGTA     150                  \[[@B21-ijerph-12-08631]\]
  R             ATTCACTCTGGCCTCTCCTAGGT                                                   

2.3. Adherence Assay
--------------------

Hep-2 cells were used to study the aggregative adherence ability of EAEC strains 17-2 and 042. The protocol was modified from Nataro *et al.* \[[@B9-ijerph-12-08631]\]. Cells were grown in Corning^®^ Costar^®^ 24-well treated plates (Sigma-Aldrich, St. Louis, MO, USA) in high glucose Dulbecco's minimal essential medium (DMEM) with 10% fetal bovine serum, penicillin, and streptomycin (Hyclone Laboratories, Logan, UT, USA) at 37 °C with 5% CO~2~, until 50% confluence was reached. Cells were then replenished with 1% [d]{.smallcaps}-mannose DMEM to prohibit the activity of type 1 fimbria. Approximately 10^7^ cells of each EAEC strain cultured under various temperatures were fed to individual wells of cultured Hep-2 cells and incubated at 37 °C for 3 h. For qualitative Adherence assays, each well was washed three times with phosphate buffer saline (PBS), fixed with methanol, and stained with a 1:40 dilution of Giemsa in PBS. Adhesion patterns were observed under ×20 magnification using an Olympus IX71 inverted microscope (Olympus, Tokyo, Japan). In the quantitative Adherence assay, wells were washed three times with PBS then treated with 200 µL 0.1% Triton X-100 (Sigma-Aldrich) in PBS for 15 min. The detached bacteria and lysed cells then underwent serial dilution and were plated out onto LB agar to enable colony counting. Experiments were performed in duplicate. The colony forming unit mL^−1^ of each temperature was calculated for both EAEC strains 17-2 and 042. Mann-Whitney *U*-test was used to determine the difference between other temperature and 29 °C and difference between EAEC strains using SPSS version 15.0.

2.4. Biofilm Formation
----------------------

The ability of EAEC strains 17-2 and 042 to form biofilm was determined using the biofilm-formation protocol modified from Sheikh *et al.* \[[@B22-ijerph-12-08631]\]. Bacteria were cultured in LB broth with shaking at various temperatures (29--40 °C) overnight. The cultures were adjusted to 0.5 OD600 nm, added to 24-well flat-bottomed cell culture plates containing DMEM high glucose supplemented with 1% [d]{.smallcaps}-mannose and incubated overnight at 37 °C. Experiments were performed in triplicate. Each well was washed three times with distilled water and stained with 0.5% crystal violet for 15 min, then washed again with distilled water and air dried. Then, 200 µL of 95% ethanol was added to each well and 150 µL of the solution transferred to 96-well flt-bottomed microplates (Sigma-Aldrich) to measure absorption at OD570 nm. Cultured samples with OD570 nm values \> mean OD570 nm plus three standard deviations of the negative control (mean~neg~ + 3SD~neg~) were considered positive for biofilm formation. Differences in values between each temperature and blank were used to determine the level of biofilm formation. The data was analyzed by Mann-Whitney *U*-test using SPSS version 15.0 to test the difference between biofilm formation at 29 °C and other temperatures within EAEC strains and difference of biofilm formation between EAEC strains.

3. Results
==========

3.1. Effects of Temperature on Virulence Gene Expression
--------------------------------------------------------

The expression of virulence genes (*aggA* in EAEC strain 17-2 and *aafA* in EAEC strain 042) at different temperatures was calculated with respect to *16sRNA* as a reference gene. In EAEC strain 17-2, *aggA* showed high up-regulation at 38 °C and 40 °C and relatively low expression at other experimental temperatures ([Figure 1](#ijerph-12-08631-f001){ref-type="fig"}A). While in EAEC strain 042, which showed an uneven gene expression trend with the highest up-regulation at 32 °C ([Figure 1](#ijerph-12-08631-f001){ref-type="fig"}B). Thus, the fimbrial genes of both EAEC strains demonstrated markedly different expression trends, although the higher expression level was observed in EAEC strain 17-2. However, the differences in gene expression at each temperature in both EAEC strains were not significantly different (*p*-value \> 0.05).

![Relative mRNA levels at various temperatures (**A**) Relative *aggA* mRNA level in EAEC strain 17-2; (**B**) Relative *aafA* mRNA level in EAEC strain 042.](ijerph-12-08631-g001){#ijerph-12-08631-f001}

3.2. Adherence to Hep-2 Cells
-----------------------------

The ability of EAEC strains 17-2 and 042 to adhere to intestinal epithelial cells was determined by their ability to adhere to Hep-2 cells in an Adherence assay. For EAEC strain 17-2, the highest level of adherence was found in bacteria cultured at 33 °C and, while strain 042 showed the highest adherence at 30 °C ([Figure 2](#ijerph-12-08631-f002){ref-type="fig"}). The lowest adherence of EAEC strain 17-2 was at 38 °C, and 32 °C in EAEC strain 042. At the same temperatures, a qualitative Adherence assay showed that EAEC strain 17-2 had higher numbers of bacteria adhering to Hep-2 cells than strain 042, especially at 33 °C ([Figure 3](#ijerph-12-08631-f003){ref-type="fig"}). Nevertheless, the adherence between 29 °C and other temperatures and adherence of EAEC strain 17-2 and strain 042 were not significantly different (*p*-value \> 0.05).

![Number of colony forming units mL^−1^ from EAEC strain 17-2 (■); and strain 042 (□) in an Adherence assay.](ijerph-12-08631-g002){#ijerph-12-08631-f002}

![Attachment of EAEC strains 17-2 and 042 to Hep-2 cells in an Adherence assay. (**A**) 17-2 at 37 °C; (**B**) 042 at 37 °C; (**C**) 17-2 at 33 °C; and (**D**) 042 at 33 °C. Magnification ×20.](ijerph-12-08631-g003){#ijerph-12-08631-f003}

3.3. Biofilm Formation
----------------------

We next studied biofilm formation to investigate the adherence ability of EAEC, and to determine whether these results confirmed those of the Adherence assay at the same temperature points. Biofilm formation by EAEC strains 17-2 and 042 under different temperatures was determined by light absorbance at OD570 nm. Although we observed a similar biofilm formation trend for both EAEC strains, EAEC strain 17-2 showed a distinct increase particularly at 33 °C which significantly different from biofilm formation at 29 °C (*p*-value \< 0.05). Other temperature observed to be significantly different from biofilm formation at 29 °C of EAEC strain 17-2 included 30 °C, 32 °C, 33 °C, 34 °C, 36 °C, 37 °C, 38 °C and 40 °C. In a different manner, EAEC strain 042 showed a less distinct trend with the highest formation detected at 40 °C. But biofilm formation at 31 °C--40 °C of EAEC strain 042 was significantly different from that of 29 °C (*p*-value \< 0.05). Both EAEC strains showed low biofilm formation at 34 °C and 38 °C, which represented the lowest levels for EAEC strain 042 and 17-2, respectively ([Figure 4](#ijerph-12-08631-f004){ref-type="fig"}). Significant difference of biofilm formation between both EAEC strains was observed at 29 °C, 32 °C, 33 °C, 34 °C, 36 °C, 37 °C, 38 °C and 40 °C (*p*-value \< 0.05).

![OD570 nm values from biofilm formation assay at various temperatures for EAEC strains 17-2 (■) and 042 (□).](ijerph-12-08631-g004){#ijerph-12-08631-f004}

4. Discussion
=============

The effect of temperature on bacterial pathogenesis has previously been determined in *Listeria* spp., *Vibrio* spp., and *Salmonella* spp. \[[@B17-ijerph-12-08631],[@B18-ijerph-12-08631],[@B19-ijerph-12-08631]\]. These studies investigated many bacterial virulence factors including the adherence fimbria gene *agfD* in *Salmonella enterica* (*S. enterica*) serovar (sv) Typhimurium, *LitR* and *syp* in *Vibrio* (*Aliivibrio*) *salmonicida*, and *f9* in uropathogenic *E. coli* \[[@B23-ijerph-12-08631],[@B24-ijerph-12-08631],[@B25-ijerph-12-08631]\]. Morin *et al.* showed that fimbrial gene expression in EAEC strain 042 was controlled by the temperature-dependent protein H-NS, which is involved in the suppression of *aggR* expression in *E. coli* flagella biogenesis, as shown by a luciferase reporter assay \[[@B26-ijerph-12-08631],[@B27-ijerph-12-08631]\]. One study in *S. enterica* sv Typhimurium reported that H-NS suppressed the expression of its virulence genes at 32 °C \[[@B28-ijerph-12-08631]\]. Similarly, our study also found low expression of *aggA* in EAEC strain 17-2 when cultured at 32 °C. However, our findings in EAEC strain 042 showed a contradiction with the study in *S. enterica* sv Typhimurium, real-time PCR results revealed *aafA* mRNA expression in EAEC strain 042 to be up-regulated at 32 °C but down-regulated at 36 °C. *aafA* in EAEC strain 042 showed a more uneven course of expression when cultured at temperatures above 32 °C. This could also be explained by the same H-NS mechanism, which was reported to regulate the switching control of *fim* at its optimum temperature (37--41 °C) in *E. coli* strain K-12 and uropathogenic *E. coli* \[[@B29-ijerph-12-08631],[@B30-ijerph-12-08631]\]. Interestingly, our finding present different virulence gene expression between EAEC strain 17-2 and 042. It is possibly because the regulation of fimbrial gene expression varies between individual EAEC strains. Previous studies in *E. coli* O157:H7 also revealed that the expression of genes involving in adherence of the organism, *ehaA*, showed different expression between *in vitro* and intestinal isolates. Most of the repressed genes outside the intestine were recovered after entering the intestinal environment. Additionally, different expression behavior of *aidA*15 and *iha*, the adhesin-encoded gene, was observed between *in vivo* and *in vitro* isolates, suggesting that environmental factors potentially played a role in gene expression. Nutrition and acidity are the possible modulators influencing gene expression \[[@B31-ijerph-12-08631],[@B32-ijerph-12-08631]\]. The same event was observed in *Vibrio parahaemolyticus*, which also showed different gene expression of *lafK*, which is the gene encoding for lateral flagella regulator LafK of the organism, between *in vivo* and *in vitro* \[[@B33-ijerph-12-08631]\]. Nevertheless, other environmental factors affecting virulence gene expression are yet to be reported. Our study provided the evidence supporting that temperature also distressing the adherence and virulence gene expression, which have different pattern among EAEC strains 17-2 and 042. Up- and down-regulation of virulence genes may be influenced from physiological need and stress conditions. Studies on *E. coli* regarding the adaptation to growth temperature using a microarray also indicated that *E. coli* evolved itself. Both up-regulation and down-regulation of various genes involved in high temperature response and encoded heat shock protein were observed in response to environmental conditions \[[@B34-ijerph-12-08631],[@B35-ijerph-12-08631],[@B36-ijerph-12-08631]\]. However, the virulence gene expression under various temperature conditions of EAEC strain 042 are not similar to other bacteria. Therefore, further study is needed to explain the possible role of H-NS in the temperature regulation of this EAEC strain 042 in which other factors may influence the expression of virulence genes. In particular, the effect of temperature on *aggR* expression should also be investigated. In the present study, we determined the adherence ability of EAEC on Hep-2 cells at various temperatures. Surprisingly, virulence gene expression of both EAEC strain, 17-2 and 042, did not appear to be correlated with Adherence assay. EAEC strain 17-2 showed the greatest adherence when cultured at 33 °C. This compares with the real-time PCR results, which demonstrated highest expression levels at 40 °C, and when cultured at 34 °C, EAEC strain 042 demonstrated its lowest *aafA* expression but elevated adherence. The cause of these phenomena may be explained by Fong *et al.*, who reported that the expression of many genes is required to achieve one phenotype \[[@B37-ijerph-12-08631]\]. Swenson *et al.* also reported that the invasive phenotype of fimbria type I of *S. enterica* sv Typhimurium was a consequence of the expression of a complex regulatory network known as the *fim* gene cluster \[[@B23-ijerph-12-08631]\]. Similarly, the adherence phenotype of EAEC relies on *aggR* as a master regulator of *aggA* and *aafA* \[[@B10-ijerph-12-08631],[@B11-ijerph-12-08631],[@B12-ijerph-12-08631],[@B37-ijerph-12-08631],[@B38-ijerph-12-08631]\]. Furthermore, Jenkins *et al.* reported the existence of chromosomal genes possibly involved in EAEC virulence that are not under the control of *aggR*, unlike plasmid-borne genes believed to be regulated by *aggR* \[[@B39-ijerph-12-08631]\]*.* Taken together, it can be implied that the adherence phenotype of EAEC involves regulation by a more complex mechanism of genes than is currently understood.

Biofilm formation is a well-known mechanism of antibiotic resistance and is involved in the pathogenesis of many bacteria. Our study found that EAEC strains 17-2 and 042 showed the highest biofilm-formation ability on an abiotic surface when cultured at 33 °C and 40 °C, respectively. Low biofilm formation was observed at 38 °C in EAEC strain 17-2, which contradicted with the gene expression result, while in EAEC strain 042 low biofilm formation result correlated with its gene expression at 34 °C. A previous study by Sheikh *et al.* (2001) reported that fimbria adhesin AAF/II of EAEC strain 042 is necessary in the stability of biofilm formation. Meanwhile, *fis* and yafK, nucleoid associated protein, also involve in the activation of biofilm formation in EAEC strain 042 \[[@B22-ijerph-12-08631]\]. This information may imply that biofilm formation of EAEC strain 042 is required the combination of many genes but lack information in strain 17-2. Moreover, possibility of new unidentified adhesins was found in several strains of EAEC \[[@B40-ijerph-12-08631]\] Therefore, the effect of temperature in the biofilm formation in EAEC strains 17-2 should be further investigated including the function of adhesin and other molecules. Although studies into the effects of temperature on biofilm formation in *E. coli* are rare, those in other bacteria, such as *Pseudomonas aeruginosa*, *Klebsiella* spp. and *Vibrio cholera* reported differences in biofilm formation ability when cultured at different temperatures, in agreement with our own findings \[[@B41-ijerph-12-08631]\]. The biofilm formation ability was correlated with virulence gene expression and adherence in EAEC strain 17-2, but not strain 042. This could be attributable to variations in the ability of bacteria to adhere to different biotic and abiotic surfaces, as well as culture times and media \[[@B24-ijerph-12-08631],[@B40-ijerph-12-08631],[@B41-ijerph-12-08631],[@B42-ijerph-12-08631],[@B43-ijerph-12-08631],[@B44-ijerph-12-08631]\].

5. Conclusions
==============

Our study provides evidence that temperature has an effect on EAEC adherence ability, which is one of the virulence factors of EAEC strains 17-2 and 042. The results also demonstrate variations in gene expression and phenotypes between EAEC strains, which might lead to differences in bacterial pathogenesis when affected by temperature and other factors. Because these findings are limited to EAEC possessing *aggA* and *aafA* virulence genes, and because the studies were conducted *in vitro*, further work should focus on the effects of temperature on other thermoregulator genes of EAEC and *in vivo* investigations.
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